Significant differences were found in the sensitivity of various biotrophic and abiotrophic stages of Plasmopara halstedii to representative Solanum and Veratrum alkaloids and batrachotoxin with zoospores and cystospores being the most sensitive developmental forms. While Solanum alkaloids with pregnane skeleton inhibited the asexual spores without influencing biotrophic stages, Veratrum alkaloids that contain a highly hydroxylated C-nor-D-homosteroid skeleton inhibited both asexual spores and the systemic invasion of parasiting thallus. Cevagenine and 3-O-oleoylveracevine, the most active alkaloids, interrupted the life cycle of the fungus at several points: they influenced the parasiting thallus, delayed the zoosporogenesis and inhibited both zoospores and cystospores. The amphibian steroid alkaloid batrachotoxin affected asexual spores similarly. The zoospores responded rapidly to the alkaloid treatments; their motion was inhibited before the semipermeability of plasmalemma was completely lost. The antiperonospora efficacy of cevagenine and 3-O-oleoylveracevine was comparable to that of metalaxyl which inhibits only parasitic hyphae without affecting asexual spores. All alkaloids tested exhibited characteristic effect on the growth of the host plant, sunflower. These amphiphilic compounds are thought to act by direct incorporation into the fungal membrane thus disrupting its structural and functional integrity.
Introduction
Plasmopara halstedii (Farl.) Berlese et de Toni, the causative agent of sunflower downy mildew (SDM) disease, originates from Middle America and is presently distributed in the whole areal of sunflower except Australia and South Africa (Sackston et al 1990) . In Hungary it was first reported in 1954 (Podhradszky 1954) . Like other taxonomically related pathogens such as P. viticola on grape, Peronospora tabacina on tobacco, Pseudoperonospora cubensis on cucumbers, Phytophthora infestans on potato, P. halstedii has a complex life cycle (Figure 1) . Studies on the effect of commercial fungicides have demonstrated that the phenotypic expression of the respective target sites varies in the various developmental stages of P. halstedii . Thus, acylanilide fungicides act on parasitic hyphae and can be used successfully to control SDM. The effect of certain steroid alkaloids on some species of Fungi imperfecti has been studied in vitro but with exception of glycoalkaloids, the role of which in determining the tolerance of Solanaceae against, e.g., Fusarium (Defargo et al 1983, Fewell and Roddick 1993) and Septoria (Sandrock et al 1995) is well established; few data on the effect of other botanical alkaloids on plant-microbe interaction are available (for representative examples, see Wink 1993) . Infection: After contacting the cell walls of the host, the germ tube penetrates into the plant (3-12 hours) and subsequent endobiotrophic stages of life cycle start. 1 -The fungus invade the whole plant systemically from the place of infection, and after subsequent development (7-10 days), zoosporangia are formed generating a new vegetative reproductive cycle. Sporulation: 2 -Sporangiophores stretch out from under the epidermis and cover the surface of the plant (6-8 hours), and zoosporangia are formed on them (8-48 hours). 3 -The zoosporangia are transferred by air to other plants (air-borne infection). 4 -Coming into contact with water (usually drops of dew) zoospore differentiation takes place (1-2 hours). 5 -The operculum opens (15-20 min) and the zoospores are released from sporangia (5-20 sec). 6 -The cell wall-less zoospores dissociate on the moist surface of sunflower (1-4 hours). 7 -Nonmoving zoospores develop cell wall (encystment) and form cystospores. 8 -Germ tubes rise from the cystospore and penetrate into the plant (12-24 h) infecting it and allowing the parasiting thallus to develop. The vegetation of thallus and the formation of zoosporangia obligatory depend on the sunflower plant (stages 1 and 2). Once zoosporangia are fully developed and detached they do not require any longer contact to the host plant. The zoo-and cystospores and their functions (stages 3-8) are independent on the host as well. For detailed description see references, Sackston et al 1990, Virányi and Alkaloidal extracts from Veratrum plants have long been used in agriculture as insecticides (Daly et al 1987) . Nowadays Sabadilla preparation is used exclusively against thrips in citrus (Scirtothrips citri Moulton) and avokado (Scirtothrips persea Nakahara). The bioactive principles of these plants belong to ceveratrum alkaloids containing a highly hydroxylated C-nor-D-homosteroid (cevane) skeleton (Figure 2 ) which is esterified at one or more oxygen atoms (Greenhill and Grayshan 1982, Kupchan and By 1968) . Pharmacological and electrophysiological studies have established that these ceveratrum alkaloids interact with voltage-gated sodium channels (Catterall 1988 , Barshak et al 2008 . The structureinsecticidal activity relationship of a series of natural Veratrum alkaloids found in sabadilla preparations from Schoenocaulon officinale was studied, however, the antimicrobial activity of these natural alkaloids has received only scant attention (Han and Woo 1973 , Wolters 1964 , 1970 . Their semisynthetic analogs have recently been studied and the improvement of insecticidal activity was demonstrated (Ujváry et al 1991) . In model experiments, the antiperonospora activity of these derivatives had changed in accordance to their phytotoxicity (Oros and Ujváry 1999) . 
For the structurally similar amphibian alkaloid batrachotoxin (Figure 2 : XIII), affecting sodium ion channels the same way as ceveratrum alkaloids (Albuquerque et al 1971) , antimicrobial activity was suggested (Daily et al 1987) but experimental data are lacking. The economic importance of sunflower and the severe damages caused by downy mildew as well as the rapidly developing resistance to acylanilide fungicides necessitates research for new compounds with novel mode of action Virányi 1984, Albourie et al, 1998) . Moreover, since sunflower is not known to contain alkaloidal allelochemicals, it was of interest to study the effect of various steroid alkaloids on SDM. This paper reports on a comparative evaluation of ceveratrum alkaloids and of the structurally distinct Solanum alkaloids as well as related steroid compounds and commercial fungicides against various developmental stages of P. halstedii.
Materials and Methods
Test compounds. The steroids and other compounds studied are listed in Table 1 , representative structures are shown in Figure 2 . Solanum alkaloids I -IV were purchased from SIGMA (St.Louis). Veratrum alkaloids V and VII were isolated from commercial veratrine mixture (SIGMA) by preparative thin layer chromatography (silica gel plates, eluent = cyclohexane : ethyl acetate : diethyl amine (7:2:1)). Veracevine (VI) and cevagenine (X) were obtained according to literature methods (Pelletier and Jacobs 1953) , while alkaloids VIII-IX and XI were synthesized as previously described (Ujváry et al 1991) . 3-O-Vanilloylveracevine (XII) was prepared according to Ujváry and Casida (1997) . Batrachotoxin (XIII) was a gift from Dr. John W. Daly (NIH, Bethesda, Maryland) . Digitogenin (XV) was obtained from digitonin (XIV) (FERAK, Berlin) by hydrolysis (Djerassi et al 1956 Test organisms. The isolate of Plasmopara halstedii originating from field collection in Hungary and designated as H-1 was maintained on glasshouse-grown sunflower seedlings (Helianthus annuus L. cv. VNIIMK 4578). Procedures involving inoculation and subsequent cultivations of seedlings, and production of asexual spores were carried out as described previously . Responses of both pathogen and host plant were determined.
Age-related sensitivity of biotrophic thallus. Method A (young thallus): Four-day old sunflower germlings, previously inoculated with zoospores of P. halstedii, were immersed into an aqueous solution of the test compound (1.0 ml per seed) made from the stock solution.
After incubating for 18 h, they were planted and cultivated in glass-house. Inhibition of disease incidence and survival of fungal propagula in root necks were examined as desrcibed previously .
Method B (well-established thallus): Ten millimeter long hypocotyl segments cut from eightday old, systemically infected sunflower seedlings were immersed into an aqueous solution of the test compounds (prepared as above; 0.5 ml per segment). After 18 h incubation, the segments were transferred onto a wet filter paper and zoosporangium formation was checked after 24 h incubation .
Sensitivity of asexual spores. To assess the effect of the compounds on host-independent stages of the fungal life cycle the following parameters were recorded: viability of zoosporangia, germination of zoosporangia, viability of zoospores and cystospore germination. All these events were observed microscopically in suspensions of spores (2×10 5 cell per ml) mixed (1:1 by volume) with solutions of compounds at appropriate concentrations. Lethal effect of the compounds was determined by adding an aqueous solution of Rose Bengal (0.1 mg/ml) to an aliquot (1:2, by volume) of the zoosporangium suspension. Non-viable zoosporangia stained deep purple while dormant (viable) ones remained unstained. The minimum inhibitory concentration (MIC) value for each compound and for each of the above mentioned events was determined.
Phytotoxicity. The reaction of the host plant to the compounds was evaluated in the germling treatment experiments (Method A) observing damages and aberrations. Detailed methodology for the above biological evaluations is described elsewhere .
Data analysis.
All experiments were carried out at least three times. Fisher's test was applied for evaluating significance of differences of calculated average response values. The full data matrix (Table 1) consists of response values for host plant (variables A and B), for parasitic hyphae (variable C), and for asexual spores (variables D-G) to alkaloids and reference compounds, altogether 18 observations. This information on biological activities was divided into two matrices using Spectral Mapping (Lewi 1976) 
Results
Data on symptomatic alterations of SDM disease syndrome due to the treatments and on developmental stage responses of the fungus to test compounds I -XVIII are compiled in Table 1 . and discussed in followings. The host dependent and host independent developmental stages of P. halstedii responded quite differently. 
Host dependent stages
Alkaloids (I-XII) and steroids (XIV and XV) did not particularly affect penetration and colonization, the initial steps of the biotrophic stages (Method A). In marked contrast to ceveratrum alkaloids (VI-XII) treatments with steroids having a pregnane skeleton (I-IV, XIV, and XV) and with commercial standards (XVI-XVIII) resulted in the typical symptomatic picture of the SDM syndrome. For ceveratrum alkaloids VII-XII, leaf chlorosis, the most characteristic symptom of SDM syndrome, was absent even in those plants where the entire epicotyl and the lower part of the first internodium were colonized. These alkaloids but X inhibited the systemic invasion at a level comparable to the commercial fungicide metalaxyl (XVII) at 100 μM. However, even 200 μM dose treatments (Method A) with steroids I-XV failed to eliminate parasitic hyphae from the host and zoosporangium formation could be induced in all infected parts of treated plants. This response did not depend on the age of the thallus, since in treatments at 200 μM (Method B), none of the test compounds affected zoosporagium formation on detached hypocotyl segments. Digitonin (XIV), a reference steroid and its aglycon digitogenin (XV), exhibited slight antifungal activity on biotrophic stages. When spores formed on treated plants were used to generate a new vegetative life cycle, the ratio of systemically colonized plants was over 80 % in each case, consequently the viability of zoosporangia formed on tissues treated with alkaloids was not significantly affected.
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Host independent stages. The germinating zoosporangia became sensitive to the steroid alkaloids before zoospore differentiation ended and, as a result, zoosporogenesis was delayed. Evidently, these compounds can penetrate the cell wall of intact zoosporangia. None of the natural ceveratrum alkaloids (V-XI) inhibited freshly prepared zoosporangia completely during an 18-24 h incubation at 2 mM concentration (that is >1000 mg/L). Although the majority of the zoosporangia were killed, 15-30 % of them always remained alive and resting, thus no MIC values could be determined for this event (variable D). Replacing the medium containing the compounds with distilled water and continuing the incubation, zoospore differentiation could be observed even in these cases. As demonstrated on the example of the amphibian steroid alkaloid batrachotoxin (XIII), the proportion of died, resting and released zoosporangia was concentration dependent (Figure 3) . Microscopically was approved that some part of the zoosporangia died before differentiation of zoospores suggesting that XIII is effectively taken up by the cell. Eventually, most of the zoospores died entrapped within zoosporangia and only few of them could be released because their motion was inhibited. When resting zoosporangia were transferred into distilled water from batrachotoxin solutions, zoosporogenezis ensued in part of them. Derivatization of the cevane skeleton with an oleoyl group (XII) increased the activity significantly. The zoosporangia were less sensitive to either glycosides and aglycons of Solanum alkaloids than to XII and XIII. 
After incubation for 18 hs at 17±1
o C in the dark, the zoosporangium suspension was sampled and the proportions of empty, dormant and dead zoosporangia were determined.
Since zoospores, like protoplasts, have no cell wall, their plasmalemma is in direct contact with the alkaloid solution after treatment which makes possible to detect their effects on membranes of intact cells. Microscopic observations showed the destruction of zoospores proceeding in three steps. Initially, their motion ceased (5-30 seconds), then their volume increased (15-60 seconds), and, finally, there was a further rapid increase in their volume leading to eruption (10-30 seconds). Apparently, the zoospores could actively compensate for the membrane inhibitory effect of the alkaloids and this seems to be independent from the regulation of motility apparatus. The duration of these events was concentration dependent like that found for morpholine derivatives . For zoospores surviving more than four hours, cystospore formation could be observed. The cystospores were more sensitive to alkaloids than the zoospores. Curiously, if a cystospore survives treatment and starts to germinate, the elongation of its germ tube will not be significantly affected by the alkaloids. The saponine digitonin (XIV) and its aglycon digitogenin (XV) were, in general, as active as the alkaloids against abiotroph forms, and among all compounds tested XV was the strongest inhibitor of cystospore germination.
Reactions of the host plant
The frequency of dumping off was decreased significantly only by metalaxyl (XVII), a known inhibitor of the development of parasitic thallus . Treatments with the steroid alkaloids caused abnormal development of some of the plants regardless whether the pathogen was present or not. Typically, the leaves of injured plants with twisted stems were spear-like with thickened sheets, the venation was irregular and the formation of parenchyma depressed. The results of treatments with standard fungicides XVI -XVII were in accordance with previous data for SDM (Oros and Virányi 1986 in all experiments.
Discussion
Plant alkaloids are generally regarded as a special part of the chemical defense mechanism that protects the plant against herbivores and phytopathogenic microorganisms (Wink 1993) . The role of steroid alkaloids in tolerance of tomatoes to Fusarium was evidently demonstrated (Defargo et al 1983 , Fewell and Roddick 1993 , Kern 1952 . The site of action of tomatine (III) and related alkaloids is thought to be associated with components of the biomembrane (Goodman et al 1986) . It is also recognized, however, that alkaloid-rich plants could be affected by both fungal and bacterial pathogens as much as alkaloid free hosts (Waller and Nowacki 1978) .
In our experiments with sunflower downy mildew characteristic effects of various steroid alkaloids were observed for both the pathogen and the host plant. Both strength and selectivity of the response of P. halstedii to Solanum and Veratrum alkaloids were developmental stage dependent. The biotrophic thallus was more sensitive to Veratrum alkaloids than to alkaloids from Solanaceae, while all succeeding stages, except motion, responded oppositely. Changes in the symptomatic picture of disease syndrome allude to improvements of natural tolerance of the host plant as well (Table 1) . Characteristic of the SDM syndrome, reflecting the interaction between host and parasite, gradually shifts from commensalism to parasitism during disease progression. The penetration of the fungus does not induce macroscopic symptoms and defense reactions could be observed only at microscopic level for some days (Mouzeyear et al 1993) . If the environmental conditions are favourable to the psychrophylic pathogen and unfavorable to the mesophylic host, dumping off occurs. This phenomenon probably resulted by changes in partition of metabolites between two organisms. The tiny thallus, formed after penetration (1-3 days postinfection), presumably utilizes only insignificant amount of nutrients. Later the germling, nourished from both the resources of the cotyledons and the commencing photosynthesis, is not repressed severely. When conditions are favorable to the pathogen (e.g., in cold weather), it may grow more intensively and the chlorosis depresses the photosynthesis, and the developed thallus requires substantially more nutrients exploiting resources of the germling considerably and, as a result, dumping off takes place (8-12 days after infection). In plants with developed true leaves photosynthesis alone can support both the host and the parasite (Virányi and Oros 1981) thus the plant may endure infection. As soon as further symptoms of parasitism manifest, the sunflower remains dwarf, chlorotic spots arise on the green parts and its roots are reduced with necrotic lesions of microscopic size on the root neck. While all these symptoms and events could be observed on infected plants treated with either Solanum alkaloids (I-IV) or reference compounds XVI-XVIII, Veratrum alkaloids VI-XII altered several symptomatic characteristics of SDM (Table 1) .
Relative efficacies of the test compounds calculated by means of Potency Mapping are depicted in Figure 4 . All steroids tested are more effective fungicides than either tridemorph (XVI) or copper(II) sulfate (XVIII). In general, Solanum alkaloids (I-IV) are less active than the Veratrum ones (VI-XII), where cevagenine (XI) and 3-O-oleloylveracevine (XII) performed better in our assay system than metalaxyl (XVII). Table 1 .
The relationship between their Potential Efficacy values for the pregnane (I-IV) and cevane (V-XI) groups of compounds measured by the formation of macroscopic SDM symptoms (variables A and B) and by the responses of the fungus itself (variables C and H) was linear: PE plant =60.441+0.119PE fungus (R 2 =0.6543) for pregnanes (Equn. 1) PE plant =41.349+1.309PE fungus (R 2 =0.5192) for cevanes, (Equn. 2) where the PE plant and PE fungus are potency values extracted from variables A-B and variables C-H, respectively, as in Table 1 . The slopes for the two equations are significantly different.
Analysis of the relationships of the sensitivity behaviour of P. halstedii in its biotrophic and abiotrophic developmental stages (variables A-C and D-H, respectively) revealed certain similarities. The significance of the canonic correlation is p<5% (Canonical R=0.758; Chi 2 =16.7), however, the linearity of the relationship was weak (r 2 =0.616). The above indicates the importance of a complex characterization of the response of the endobiotrophic obligate parasite P. halstedii to control agents.
The analysis of developmental stage responses to compounds I-XV by means of PCA revealed two factors of high weight determining their selective effect. Clustering the developmental stages as PC loandings (PCL) by two major principal components explaining 37 and 28% of variation showed that the abiotrophic stages are less closely linked than the biotrophic ones ( Figure 5 ). This is probably due to the decreased likelihood for contact with foreign substances in host independent stages. The asexual spores have many distinctive features, such as variations in cell wall constitution, presence or absence of the motility apparatus, etc. Since P. halstedii is an endobiotrophic parasite the test compounds can reach the site of action in the fungal cell only through host plant tissues which are protecting the fungal thallus from most environmental conditions thus attenuating the effect of external factors. Differences in the interrelation of these factors in determining the developmental stage response of the fungus to the steroids could result in broad variations in sensitivity.
The analysis of Selectivity Map based on antifungal activity of compounds by means of PCA revealed two dominant factors determining their selectivity. Plotting compounds as spectral variables ( Figure 6 ) the two distinct clusters obtained for the Solanum and Veratrum alkaloids perfectly reflect the structural differences of the pregnane and the cevane skeletons ( Figure  2 ). The response of asexual spores of P. halstedii to batrachotoxin (XIII) was similar (P<1%) to that found for ceveratrum alkaloids (V-X) in our tests suggesting a common mode of action for these compounds. This is strikingly analogous to V and XIII sharing a binding site in the sodium ion channel of nerve membranes of insects and mammals (Codding 1983 , Kosower 1983 ). Table 1 .
The spores of P. halstedii are sensitive to Solanum alkaloids, both to glycosides and aglycons. This is interesting in comparison to their effect to ascomyceteous fungi where the glycosides are fungicidal and their aglykons are inactive and the mechanism of tolerance in this taxonomic group is related to the hydrolysis glycosides (Defargo et al 1983) . Studies have proven that Solanum glycoalkaloids forming complexes with membrane sterols influence the functions of these membranes (Roddick et al 1990 (Roddick et al 1992 . Alternatively, these alkaloids, by blocking steroid biosynthesis, can modify the steroid composition (profile) of biomembranes and thus their function (Parks et al 1995) .
In our present study, especially with the asexual spores of P. halstedii, these alkaloids are clearly not acting via sterol biosynthesis inhibition, because the rapid manifestation of the effect of these amphiphilic compounds on asexual spores suggests that they associate directly with membranes. The loss of semipermeability of zoospore plasmalemma occures within 10-20 seconds leading to their destruction in minutes. Similarly, while the prominent mode of action of tridemorph is the inhibition of sterol biosynthesis (Kerkenaar et al 1981) , this amphiphilic molecule is also known to influence membrane permeability inducing electrolyte leakage from zoospores of P. halstedii and P. infestans . Likewise, azoletype fungicides typically act by inhibiting the biosynthesis of ergosterol, but may also disrupt fungal life functions directly by incorporating into the cell membrane (Kato 1986) . Presumably, the alkaloids tested in our study primarily influence membrane functions as well as interact with plasmalemma components in other developmental stages of P. halstedii. However, the presence of a (steroid) alkaloid receptor in the fungal membrane cannot be dismissed. In this regard the different activity of veracevine (VI) and cevine (VII) on moving zoospores is interesting. These two compounds differ only in the configuration of their carbon-3 atom, nevertheless compound VII is about 10-fold more active than its 3-epimer VI indicating the importance of the orientation of the 3-OH group at the site of binding.
Each standard fungicide interrupts the fungal life cycle at a single developmental stage only, metalaxyl (XVII) at the parasiting hypha while tridemorph (XVI) and copper(II) sulphate (XVIII) at the moving zoospores. The most active steroid alkaloids used in our model study are at least as effective in controlling P. halstedii as tridemorph (XVI) and metalaxyl (XVII). In fact, a synergetic mixture of these fungicides showed excellent activity against downy mildew (e.g., at a 300 g a.. i./ha field dose) but the resting zoosporangia remain untouched even at higher doses (Detre et al 1991 , Oros et al 1989 . In this respect, the effect of the highly lipophilic XII is remarkable because it interrupts the life cycle of the fungus at several points including resting zoosporangia (Table 1) . Moreover, its activity against invading thallus surpasses that of metalaxyl (XVII), thus it might serve as a lead compound for development of antioomycete preparation.
While high toxicity to vertebrates and the environmental liability of the botanicals containing steroid alkaloids seems to preclude their wide scale practical application (Schep et al 2006) , they could serve as lead compounds for the development of new antifungal agents. This class of toxins acts at six or more distinct receptor sites on the protein of voltage-gated ion channels (Catterall et all 2007) . The target-driven development of novel sodium channel blocking analgesics has been generally unsuccessful (Priest 2009 ) that can be related to the structural complexity of these compounds. Nevertheless, ion channels represent highly attractive targets for drug discovery (Dunlop et al 2008) that can be exploited in pest control as well. The nonsteroidal piperidine analogues of veratridine constructed using the Model Builder module of HyperChem exhibited antimildew activity, and the compound that adopted a similar shape to cevane skeleton with the distance of the respective tertiary N-atoms and the aromatic esterifying moieties (ca. 13Å) acted as effectively as oleoylveracevine (Ujváry and Oros 2002) . Unfortunately, their therapeutic value was low as their phytotoxicity correlated to their antimildew activity. The ecological role of the steroid alkaloids remains the subject of speculation, but the type of their antimicrobial activity characterized here is noteworthy and warrants further studies including the clarification of the actual mode of antiperonospora action of these compounds as well as the possibilities of design of nonphytotoxic analogues with antimicrobial activity. The zoospores as "living protoplasts" might serve as models to increase the effectiveness ion channel screening thus contributing the exploitation of this target class.
